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ABS-{”RACT

Understanding and predicting critical heat flux (CHF) behavior

during steady-state and transient conditions are of fundamental inter-

est in the design. operation, and safety of boiling and tw~phase flow

devices. This pJper discusses the results of a comprehensive theoretical

study made specifically to model transient CHF behavior in subcocded

pool boiling. This study is based upon ● simplified s~eady-state CHF

model in terms of the vapor mass growth period, The results obtained

from this theory indicdte favorable agreement with the ●xperimental

data from cylindrical heate~s with small radii, The statistical nature

of the mpor mass behavior in transient boiling also is considered and

upper and lower limits for the current theory are established. Va(ious

factors that affect the discrepancy between the data and the theory are

discussed.

1. INTRODUCTION

Boiling heat transfer with time-dependent heat input, as well as the predictiort of critical

heat flux (CHF) under such conditions, is of interest in several applications, Cne application in

light-water nuclear reactor technology involves the reactivity-initiated accident (RIA), in which

* This work was funded by the US Nuclear Regulatory Commission (NRC), Office of Nuclear

Regulatory Research. Division of Accident Evaluation.

*’ This work was started while a graduate student at the University of Central Florid,],

Orlando. Florida.



a sudden increase in power generation rate may oaur A comprehensive understanding and

an accurate modeling of CHF are required to evaluate RIA scenarios. In our earlier study. 1 a

theoretical prediction of CHF during power transients in saturated pool boiling was presented,

There are many practicai probkms. however, where CHF is reached in the presence of a

subcooled liquid. For instance. if a power burst occurs in a pressurized water reactor. CHF

conditions may be reached while the bulk of the liquid is highly subcookd. Thus. because of

its practical importance. the effec,t of subcouling on CHF during power transients has been

the subject of earlier stucties.

The studies of Sakurai et ●/..2 Kawamura et a/.,3 ●nd Kuroda (as cited by Serizawa4)

are examples of fundamental research ●fforts aimed towards the understanding of the sub-

cooling effect on pool boiling CHF d~ring power transients. All of the previously mentioned

experimental studi<s are concerned with subcooled pool boiling in water. Sakurai et al.2 and

Kawamura et al.3 experimentally investigated the transient boiling of water at atmospheric

pressure with different degrees of subcooling, In these experiments. small flat ribbon heaters

were used. In his experiment, Kuroda (as cited by Serizawa’) used a horizontal wire heater

with a small radius to investigate transient subcooled pool boiling of water. The only data

reported in tha open literature were based on a 0.99YMPa pressure.’

In steady-state subcookd pool boiling, the most commonly used CHF forlnulatior+ was

developed by Ivey and Morris (as cited by Collier6). This correlation is given by

qClif SS,sub
= 1 + o.lo2J’a” ,

qCHF.SS,mt
(1)

where the modified Jacob number, Ja-, is defined as

()
3/4

,9 c
J“a” = “ -- Ja ,

kg

with the Jacob number, Ja, defined as

cp,[AT,ub
Ja ==

h,a “

Equation 1 shows that. for a given pressure, the ratio of subcooted CHF to saturated CHF

is a linear function of ihe subcooling if the variations of the liquid density and liquid specific

heat with respect to subcooling are neglected.

During transient conditions, the same quantitative relationship between subcooling

and the ratio of subcooled CHF to saturated CHF may be invalid. The experimental

observation s7”-4 show that. for a given pressure and rateof-change of the surface heat flux, the

ratio of transient CHF to steady-state CHF decreases as the degree of subcooling increases.

which implies
qCHF TR sub ~ qgHF, TR,MI_— L-

qcHF.SS.sub (!CHF,SS,sn!

Thus.
qCHF, TR,wb < qCHF,SS, sub—-— ..

qCHF, TR,sat qCHF,SS, sat
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This result also is expected when our theoretical transient CHF model’ for saturated pool

boiling is used. This model shows that the ratio of transient CHF to steady-state CHF is an

increasing function of the vapor mass growth period. for a given rat~f-change in the surface

heat flux, Fand and Keswani6 observed that the initiation. growth, and collapse of a bubble

during subcooled boiling occur more quickly than the initiation, growth, ●nd &parture of the

bubble during saturated boiling at the same pressure. In fully developed nuckate boiling in the

vicinity of CH F, vapor mass initiation is ●lmost instantaneous, Therefore, it may be concluded

from the vapor mass growth period that the ratio of transient CHF to steady-state Cti F is a

decreasing function of the liquid subcooling.

In the remainder of this paper, these observations are quantified and formulated into

a transient CHF correlation. This task requires an appropriate steady-state CHF model for

subcooled pool boiling in terms of the vapor mass growth period. In Sec. 11, a simple steady-

state CHF model is developed. Based upon this model. a transient CHF cotielation is presented

in Sec. Ill. In Sec. IV, the developed theory is compared with the experimental data available

in the open literature. The statistical nature of the vapor mass and its effect on the transient

CHF are considered in Sec. V. Finally, Sec. VI summarizes and concludes the current study.

Il. STEADY-STATE CHF MODEL FOR SUBCOOLED POOL BOILING

In this section, a subcooled pool boiling CHF model similar to the saturated pool boil-

ing model of Haramura and Katto7 is developed. Figure 1 shws the boiling configuration

prxtulated by Haramura and Katto7 for saturated pool boiling. We assumed that a similar

configuration may be valid for subcooled pool boiling with moderate subcoolings. We em-

pirically forced our mathematical model to yield the same result as the correlation given by

Eq. (l). Therefore. the curr~ ‘t model does not improve Che predictive capability for the steady-

state CHF, Its sole advantage is that it explicitly includes the vapor mass growth period, In

subcooled pool boiling. we use the term growth period as an equivalent to the hovering period

in saturated pool boiling. Physically, the grow?’, period may terminate by vapor mass collapse,

whereas the hovering period always terminates by vapor mass departure. Our approximate

model is based upon the following postulates.

a. The density and specific heat of the subcooled liquid are weak functions of tempera-

ture. and they can be approximated by their vallje at the saturation tempera~ure for

the given pressure. This assumpticm is commonly used in thermodynamics, and it

is considered sufficiently accurate for moderate subcoolings.

b. The assumption is made that the fraction of the heater area covered by vapor,

A./Au,, is unaffected by subcocdirig, This quantity is formulated by Haramurti and

Katto7 as a function of the density ratio only. Because of postulate (a), this ra’io

remains independent of subcooling. Furthermore. this ratio is not affected by the

surface heat flux and is usually very small even at pressures close to the critical

pressure.’

3
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Fig. 1.

Boiling configuration at high heat fluxes near CHF.

The critical liquid-layer thickness underneath the vapor mass, as shown in Fig. 1, is a

fraction of the Helmholt.z instability wavelength in the wpor stems, This wavelength

is inversely proportional to the square of the surface heat flux. as formulated by

Haramura and Katto.7 Thus,

J,(P) = ; u
(%3 (t)2’’,h”)2 ~

(2)

As shown in Fig, 1, at high heat fluxes near CHF. the surface is crmvded by many

vapor masses growing and departing or collapsing continuously.

During the vapor mass growth, no liquid is supplied to the liquid layer. The macr~

layer is replenished with liquid only when the vapor mass departs or co:lapses.

The initiation of a new vapor mass after the departure or collapse of the previous

one is almost instan~aneous.

CH F is reached if the liquid layer completely evaporates during the vapor mass growth

period.

4



Based on these postulates, CHF may be formulated as

‘o ~CHF.SS.sub
()

= Pth?ob.,o,aub 1 -$ (l+ KJa) ,
w

(3)

where r. is the growth period of the bubble and 6C,o,sub is the criti~l liquid-layer thickness
at the steady-state subcooled boiling CHF, The critical liquid-layer thickness, 6=,o,~Ub. can be

calculated by substituting 9CHFmSS.Subfor q in Eq. (2). This re!ation assumes that the effect

of the surface heat flux on the Helmhoitz instability wavelength may be formulated through a

quasksteady approach. We previously showed that the error associated with this assumption

is within 1% in szturated pool boiling at atmospheric pressure.l At higher pressures and in

subcooled pool boiling, the liquid-layer thickness is even thinner because the surface heat

flux at CHF level is higher. Therefore, the error that occurs because of the quasi-steady

formulation of the liquid-layer thickness is ●xpected to be much smaller than lYo.

In Eq, (3), K is an empirical correction factor and primarily accounts for recirculation

effects. However. it may also include the following effects.

i. After bubble collapse. part of the liquid supplied to the liquid layer comes from the

thermal boundary layer. Therefore, it may be slightly heated over its bulk or far-field

temperature.

ii. The liquid in contact with the heater is slightly superheated over its saturation

temperature before it starts ●vaporating.

Note that the subcooled CHF model given by Eq. (3) is in the same form as the saturated

CHF model of Haram’Jra and Katto7 given by

() A.
rdqc~F,ss,,,t= pjhig&,o, sat 1 – ~ ,

w
(4)

where ~d is the vapor mass hovering period in saturated pool boiling as given in App. A,

Using postulate (b). the ratio of the area covered by mpor to the total heater area.

A./AW, is assumed to be independent of the surface heat flux and zubcooling, Therefore,

the ratio remains the same as for saturated pool boiling. The error ●ssociated with this

assumption is ●xpected to be negligible because the quantity [1 -- (Av/Aw)] is always close

to unity, even for elevated pressures,’

[n Eq. 3, the vapor mass growth period. To. is difficult to estimate thwretically because

the hydrodynamics of subcooled pool boiling is not as well understood as that of saturated

pool boiling. In the curtent study, ra is quantified in terms of rd by using an empirical approach

where the following functional form is assumed,

(5)



The dependence of the growth period on the on~fifth power of the surface heat flux is obtained

from the solution of the equation of rrmticm for an idealized bllbble that was used by Katto and

qaramura”u tl formulate the bubble hovering period in saturated pool boiiing. By substituting

Eq. (5) into Eq. (2; and rearranging the terms, the following relation may be obtained,

(6)

The term within

4WiF,SS.Stt from
be obtained.

the brackets on the right-hand sicie (RHS) of Eq. (6) may be recognized as

Eq. (4). Thus, the vapor mass grawth period in subcooled pool boiling may

‘~=’’(:::::::)’(l+KJa)m
By substit~!ing Eq. (1) into Eq. (7), the following expression is obtained,

T* (1+ K*JU*)

; = (1 + o.lo2Ja”)3

(7)

(8)

where the modified correction factor, H“, is defined as

K“=.+ .
()laPg

Figure 2 shows the ratio of the vapor mass growth periods as a function of the modified

Jacob number, .Ja”, and the modified correction factor. K“. A shown in this figure. as the

subcooling increases (Jan increases), the vapor mass growth period becomes considerably

smaller than the corresponding vapor mass hovering period in saturated pool boiling.

After the time constant of the subcooled pool boiling CHF is quantified using Eq. (5)

and App. A, the transient CHF model in subcooled pool boiling may be obtained through a

procedure similar to the onz in saturated pool boiling.l Tkz resulting transient CHF model is

described in Sec. Ill.

Ill. TRANSIENT CHF CORRELATION

Equation (3) suggests that, after steady-state CHF is applied to the heater surface, dryout

can be detected after a period of time. ru. During transient power c: editions, the local heat

flux increases during the growth period and complete evaporation of the liquid-layer thickficss

rxcurs sooner. By the time the surface is essentially dry, the local heat flux reaches a value

higher than the steady-state CHF.

During the vapor mass growth period, it is assumed that no liquid is supplied to the

liquid layer (postulate e). Thus. the rate of the liquid-layer thinning is governed by one of two

6
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Relationship between the growth and hovering periods as a function of the

modified Jacob number, ~u*.

mechanisms: hydrodynamic instabdity or evaporation. This may be expressed mathematically

as

db

[

86= dq !7——
z = ‘ax dq dt ‘

1
j;(P)ATsub) J’

(9)

where

()f;(~, ATsub) = /ICh~a 1 – $ (l+ KJa) .
w

The first and second terms on the RHS of Eq. (9) sorrespa nd to hydrodynamic instability

behavior and evaporation, respatively. Figure 3 illustrates the effects of thu two mecha-

nisms on the liquid-layer thinning. In this figure, the thinning process changes from being

hydrodynamically to thermally controlled when

EMcdq ql
——
i?q dt

= p (lo;

which is called the switch-over point. The switch-over parameter. B,, is defined in terms of

the heat flux at the switch-over point, qB. so that

B,=– ‘B
qCHF,SS.sub

7
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Schematic description of theswitch~over between hydrodynamic andther-

mal thinning.

an exponential increase in the surface heat flux given by

(11)

the switch-over parameter, B,, may be obtained for an exponential increase using Eq, 2 as

()
B,= ~ ‘“. (12)

r

After the switch-over point between the two mechanisms is calculated, the transient CH F

may be computed by evaluati,~g one of the following integrals,

or

t

/

‘CHF,TR

b
~bc dq

c,o,sub = — ——df+
aq dt /

~ dt
f2

‘CHF.SS tm

‘CHF,TR

6c,o, sub =
I

~dt,
/;

if B. <

‘CtiF,SS

(14)

8



Equation (13) corresponds to the case shown in Fig. 3 where the switch-over occurs after

qCHF.SS~ whereas F.q. (14) approximates the case where the switch-over OCCUrS before 9CHF ss.
The second integral is an approximation because it is formulated as if a new vapor mass forms

or the switchaver ocxurs when q = QcHF,ss,Bub. By using Eqs. [2) and (11), Eq~. (13) and (14)

may be integrated to yield

q = {1 - H(E., - 1)}(1+:) +{~(~o - 1)}1.~ (y , (15)

where q = qCHF,TR.sub/qCHF.SS. sub and ~ represant the kv-side step function. Note that
Eq. (15) is the same as the transient CHF correlation developed for saturated pool boillng, ]

if qCHF,SS,sub and TO are replaced by qCHF,SS,~~t and rd~ respectively. Similar to the satu-

rated pool boiling case, the first term of Eq. (15) represents an approximate value for the

slower transients, whereas the second term corresponds to the minimum possible value of

transient CHF for faster trans~ents. This statistical aspect of the problem is analyzed further

in Sec. V. Additional mathemzticai details of the above analysis may be found in the study of

Pasamehmetoglu,e

IV. COMPARISON W1l’ti DATA

In this section. Eq. (15) is compared with the data of Kuroda (as cited by Serizawa’),

It must be rezlized that Eq. (15) is written in terms of the exponential period of the surface

heat flux, whereas, in the experiments, the exponential period of the power generation rate

is measured. Here, we will assume that a quasi-steady conduction mode may be used for

heaters of sma!l radius like the one used by Kuroda (as cited by Serizawa’). The quasi-steady

conduction mode assumes that the surface heat flux ●nd the power generation mtes may be

related thrcugh a simple volumet~surface area ratio: thus, the exponential periods remain

the same, Further discussion of the quasi-s~eady col,duction mode may be found in Refs. 1

and 9.

In Fig. 4, the current theory (with K = 1) is compared with the data of Kuroda (as

cited by Serizawa’) for 20 K subcooling. The prediction is favorabk, although the data are

slightly overpredicted for small values of r. This overprediction may be attributed to the

quasi-steady conduction approximation. The error involved by neglecting the hydrodynamic-

thirtningmechanismalsoisshownirrF~g,4. The dotted line shows that. if the evaporation

is assumed to be the only thinning mechanism as suggested bj Serizawa,4 significantly large

errors occur for small values of ~.

In Figs. 5 and 6, Eq. (15) is compared with the data for 4@ and 60-K subcooiing data,

respectively. In both cases, using K = 1, the current theory underpredicts the data. The

discrepancy increases as the subcooling increases. For K = 1. the growth periods calculated

using Eq. (7) are 8.3 and 3,4 ms, respectively. These values are considerably lower than the

36.2-ins hovering period for saturated pool boiling at the same pressure. For K = 10, these

values increase to 14.3 and 7,0 ms. respectively, The comparison of the current theory with

K = 10 with the data also is shown in Figs, 5 and 6. The comparison is quite favorable.

[f more data were available, K could be correlated empirically as a function of ATsUb, As a

general trend, K seems to increase with increased subcooling. A better interpretation of this

comparison requires ● better understanding of the steady-state hydrodynamics of subcooled

9
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Comparison of the current theory with the 60-K subcooling data of Kuroda

(as cited by Serizawa4).

pool boiling at high heat fluxes. The follwing items are important in evaluating the integrity

of the steady-state model used in this study.

1. At high subcoolings, Eq, 1, after modification for sma!l-diatmeter effects using the

correlation of l{a~amura and Katto,7 significantly underpredicts the steady-state CH F

data of Kuroda (as cited by Serizawa’).

2, For high subcoolings. a well developed vapor mass ,egime as proposed in the current

model may not exis’., e~pecially when the computed values of the growth period are

on the order of a few milliseconds. With such small growth periods, the boiling

configuration is closer to ● discrete bubble pattern rather than a fully developed

vapor mass pattern.

3. As a result of item 2. considerable liquid may be suppii-d to the liquid layer during

the growth period,

4. Also as a result of item 2, when the grwth period is very small, tha waiting period

may no ionger be negligible.

5. For high sljbcoolings, the liquid-supply temperature ●nd the recirculation ●ffects may

play an important role in computing the grwth periods

The current data comparison is not aflected by the discrepancy in itam 1, because the

measured values of the steady-state

the limitations of our knowledge in

uncertainties outlined in items 2-5

CHF ●re used for comparison purposes. However, it shows

terms of subcooled pool boiling at high heat fluxes, The

are covered by th~. empi:ical constant K, For successful

11



modeling over a wide range of subcooling, the current theory requires certain adjustments

in K. However, because of the limited data, these adjustments could not be quantified in a

arrelation form. Development of a correlation requires additional data at various pressures

●nd subcooling. as well as identifying the quantitative ●ffect of the quasi-steady conduction

approximation. In another study, 10 m showed that, even with certain simplifying assumptions.

the effect of tlwrmal storage within the heater may considerably affect the final prediction in

saturated pool boiling, especially for small valuer of the exponential period, r. The effect of

thermal storage in subcooled pool boiling possibly is less prono~nced. Nevertheless. it must

be quantified before a strong statement can be made about the parameter K.

V. EFFECT OF THE RANDOM VAPOR MASS BEHAVIOR ON THE TRANSIENT

CHF MODEL

So far, the magnitude of the transient CHF has been treated as a deterministic value.

However, during transient boiling, the history of a given vapor mass may affect the final

prediction: thus, a statistical walue for the transient CHF is suggested, Such statistical

effects are expected to be rather weak because of the strong influence of the hydrodyna~,ic-

thinning mechanism during fast transients, The hydrodynamic-thinning mechanism is ●ffective

regardless of the vapor mass behavior. During slower transients. the process becomes almnst

steady state, The)efore, the statistical effects also are expected to be small. Nevertheless,

we quantified these effects for slow and fast transi~nts and evaluated the results through data

comparison.

First, the relatively slower transients are considered. During such transients, the switch-

over from hydrodynamic to thermal thinning occurs before tt,e surface heat flux reaches

JCHF,SS. Therefore. ●ven before steady-state C~+F. the macrolayer thinning is dominated by
evaporation during the vapor mass hovering period. Previously, we characterized these tran-

sients based upon the magnitude of the switch-over parameter as 23, < 1. The first term on

the RHS of Eq. (15), which corresponds to slower transients, was obtained by assu~ning that

the switcli-over occurs or a new vapor mass is formed at t = tcHF,ss, The calculated value

does not correspond to either a minimum or maximum possible value of transient CHF but

is used as an approximation betwewn the maximum and minimum values. The corresponding?,

macrolaycr thickness foll~s the curve FG in Fig, 7.

To calculate the mini.murn possible value of transient CHF. we assume that a vanor mass

is formed at poin~ A in Fig, 7, where t~ < tA < tcHF,ss. For the macrolayer underneath this

vapor mass to dry out in an evaporation mode at time t(:, the energy deposition must be Iargc

enough to evaporate all the liquid during the vapor mass hovering period, Thus, the followin~:

inequality must be satisfied.

(16)

where t’ t - ~A, The term q *lfira in Eq, (16) represents the vapor mass hovering period

when the surface

grmvth period is

of the departure

heat flux is equal to qCHF,l II. This formulation assumes that the vapor mass

almost independent of l~istory effects and may be calculated as a function

heat flux using a steady heat flux model, The validity of this assurn~}tion

12



— HYDRQumAMlc THINmJG
I
1
I ––– EVAPORATION
I
1
I
I B. swnrH-ovER POINT
I \
,
, \

9 \

I \
I
1

\

I
I
I
I

k

I
I

, \

1
1
I
I
,
1
I
I

\

I

t“” “’” ‘t~ L3irs
I kil?,’’rrt
kHF,TRmln

Fig. 7

Macrolayer-thinning mechanism during slow transients.

for saturated pool boiling was shown in an earlier study. 11 By using Eqs. (2) and (3), the

inequality in Eq. (16) gives

{ }

l/3

qA ? B,!7ctw,ss —
+ (q,:,+-1] “

(1’7)

Because this analysis is concerned with slower transients where B, < 1 ●nd q <1.5. we can
safely approximate q1f6 by 1. Thus, by rearranging the terms in Eq. (17), we obtain

~~ln = Ba exp (+){*J}’” m (18)

13



This result is valid only for slow transimts where dryout under a given vapor mass occurs

because of ●vaporation only during its hovering period. Therefore, qA must be greater than or

equal to the switch-over heat flux, q~, which is defined as B,qcHF.ss. Thus, Eq. (17) yields

{ }

1f 3

‘[4)-’1 21’
(19)

which gives

B, s 0.93 .

The vapcw mass that can lead to the earliest dryout must be formed when q = 0.92 qcHF,ss.

Any vapor mass forrr,ed earlier will depart before dryout, whereas the vapor masses formed

after will lead to dryout before their departure.

The maximum possible value of transient CHF for the same slow transient corresponds

to the case where the vapor mass departs (or collapses) an instant before dryout (poink C in

Fig, 7) i]l~d fresh liquid replenishes the macrolayer. Thus, the macrolayer thickness follows the

path ACDE. The replenished macrolayer thickness at point D is controlled by the hydrodynamic

mechanism that determines the thickness based on the transient heat flux at that instant in

time. The corresponding maximum transient CHF may be obtained through the solution of

the following integral,

‘& HF,TR,msx

1

qCHF,TR,min exp ($)—(6c)~=9CHF,TR,m,n = j;

o

where t’ = t – t~HF,TR,m,n. By rearranging the term:. Eq. (20) yields

B:
qmm = r?min + ‘—

2q~in ‘

(20)dt’ ,

(21)

where ~lnin is given by Eq. (15).

During faster transients (B, > 0.93), the macrola~er thinning under the vapor mass

leading to the earliest possible dryout is ( ●used partly by hyctlodyl~amic thinning. For these

transients. the macrolayer-thickness history in the vicinity of ~he transient CHF is sl~own in

Fig. 8. A vapor mass initiated after the switch-over poil~t leads to dryout because the surface

heat flux is high enough to evaporate the macrolayer before its departure (or collapse): however.

a vapor mass initiated before the switch-over point may depart befor~ dryout (point C),

depending upon its growth period. As shown in Fig, 8, the behavior of the vapor mass before

the switch-over point (t = tn) does not affect the Iiquid-l?yer thickness. The only time the

macrolayer thickness is aflected by the vapor mass departure is when this departure occurs

atter the switch-ever time. Therefore, what we previously postulated to be tcHF,TR actually

14
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Macrolayer-thinning mechanism during fast transients.

applies if the vapor masses do not depart between t~ and tCHF,TH. Thus. the transient CHF.

q. calculated through this approach must be the minimum possible magnitude, ~min, which is

given by the second term on the RHS of Eq. (15). Thus, for fast transients.

qmln = 1.5 B. . (22)

The maximum possible value corresponds to the case where the vapor mass Ieparts just

before dryout (t = tCHF,TR,~i” ). Thus, the liquid-layer thickness follows the path ABCDE

in Fig. 8. Through an analysis simildr to that for slow transients. it can be shown ?hat the

maximum heat flux is given by Eq. (21). where qmin must be repii ced by Eq, (22),

We must remember also that the above analysis is not applicable to very fast transients

If the transient is fast enough that the very first vapor mass that forms remains on the

surface until transient CHF occurs, the transient CHF becomes a deterministic rattler than a

probabilistic value, Actually, in these cases, it is more appropriate to talk about a vapor blanket

overlaying the macrolayer rather than vapor masses because, without departure, the Taylor

wave pattern for individual vapor masses may not be distinguished, However. in subcooled

pool boiling, the growth periods are small and the time-t~CHF is longer. Thus, we tentatively

●ssume that, for T z 10 ms, the boiling has sufficient time to establish a vapor mass boiling

regime. This ●ssumption is based upon the Moissis-Rerenson transition crikerion,’~ which is

vaiid only for saturated pool boiling. This criterion is used as a first-order approximation for

pool boiling with low subcooling.

15



d-—’——— ‘ ‘ “’’’” 1 1 I I 11111 1 1 1 1

‘W-

suEKooLED POOL BOIIJNG
Mb ofKumcb3 (1%’9)

Pnsure=C).993MFa
ATm = 20,0 K

*
●

●

●

● +

2j tzzzl -nt Thmry ( K = 1.0)
I

“iti

1 T 1 111111 1 1 1 Tfn-rl I T I 1 1111[ v 1 I I 11

Id Id ld 104
T (n-IS)

Fig. 9.

Comparison of the current theory with the 20-K subcooling data of Kuroda

(as cited by Serizawad) including the random vapor mass behavior.

We can summarize this statistical analysis by the following expressions,

+{ If(B,– 0.93)}1.5B, (23)

and

B;
~nlax “ L’rnln+ — .

2r7:in
(24)

Figure 9 shuws the range covered by Eqs. (23) and (24) compared with the Icw subcooling

(2@K) data of Kuroda (as cited by Serizawa4). As shown in this figure, the current theory

suggests a small data scatter and is in agreement with such scatter during slower transients

It also is worth noting that. if evaporation is assumed to be the only thinning mechanism, as

suggested by Serizawa, 4 the scatter for fast transients will be much larger, This is contradicted

by the experimental data.

V1. SUMMARY AND CONCLUSIONS

In this paper, a theoretical prediction of the CHF during pwer transients in subcoolcd

pool boiling is presented. Similar to our earlier study, 1 the transient CHF is a function of

16



the vapor mass ~rmrth period. The growth period may be quantified for saturated conditions

by solving the idealized bubbk growth equation, as summarized in App. A. For subcocded

conditions. the corresponding growth period is shorter .6 However. the hydrodynamics of sub-

C-ooled pool boiling at high heat fluxes is not as well ul;derstood as that of soturated pool

boiling. Consequently. it is difficult to quantify the vapor mass growth period in subcooled

pool boiling.

In this paper. a simple steady-state CHF model is developed to find a quantitative rela-

tionship between the vapor mass growth periods at szturated and subcooled conditions. The

resulting relation. which is a function of the pressure and the degree of subcooling, is used

along with the theory developed in our previous study for saturated conditional to develop a

transient CHF correlation given by Eq. (15). Using the quasi-steady conduction ap~; oxima -

tion, the theory is compared with the experimental data of Kuroda (as cited by Serizawa’),

The com~ -ison with these data from horizontal cylindrical heaters wit6 small diameters is

favorable, shown in Figs. 3-5.

The el-ct of random va~or mass behavior also is analyzed, The correspondir.g minimum

and maximum possible values of the trai~sient CHF, which form a rather narrow envelope,

suggest a minimum data scatter, as shown in Fi~. 8. Nevertheless, suctI small scatter is

consistent with the scatter experimentally observed during slow transients.

An improvement in the predictive capabilities of the current theory is possible if (1) a

better coupling between the heat generation rate and surface heat f!ux is established and (?) the

hydrodynamics of subcoolecl pool boiiing at high heat fluxes near Ctl F is better understood,

Our current study clearly shows that not only the transient but also the steady-state as-

pects of subcooled pool boiling at high heat fluxes near CHF are not nearly as well understood

as those of saturated pool boiling. Both therms. and hydrodynamic aspects of this problem

require further analysis before a strongw statement can be made about the current model,

Despite these difficulties, the current model predicts the data with moderate subcoolings

exceptionally well.

17



APPENDIX A

VAPOR MASS HOVERING PERIOD IN SATURATED POOL BOILING

In this appendix, the equation g~ven by Ka?to and Hararnura 7’6 that estimates the hovering

period is summarized. This equa!km is obtairwd hy solving the equation of motion for an

‘~’s is giver. byide~lized bubble, The hovering perioc.

“= (Yl%%w’v’”*
where f = 11/16 and, for cylindrical t.eat~rs with small radii. V1 is given by

(A - 1)

In Eq. (A-2), Ab is the modified unsta~ie Taylor wavelength. It is Inodified to account for the

additional effect of surface tension along [he curvat’,re ZJF? is given by

(A -3)
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